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Nuclear membrane microdomains are proposed to
act as platforms for regulation of nuclear function,
but little is known about the mechanisms controlling
their formation. Organization of the plasma mem-
brane is regulated by actin polymerization, and the
existence of an actin pool in the nucleus suggests
that a similar mechanism might operate here.
We show that nuclear membrane organization and
morphology are regulated by the nuclear level of
active Rac1 through actin polymerization-dependent
mechanisms. Rac1 nuclear export is mediated by
two internal nuclear export signals and through its
interaction with nucleophosmin-1 (B23), which acts
as a Rac1 chaperone inside the nucleus. Rac1 nu-
clear accumulation alters the balance between cyto-
solic Rac1 and Rho, increasing RhoA signaling in the
cytoplasm and promoting a highly invasive pheno-
type. Nuclear Rac1 shuttling is a finely tuned mecha-
nism for controlling nuclear shape and organization
and cell invasiveness.
INTRODUCTION
Rac1 is a member of the Rho family of small GTPases that
plays fundamental roles in a wide variety of cellular processes,
including actin remodeling, cell migration, and cell-cycle pro-
gression (Ridley et al., 2003; Vega and Ridley, 2008). Rac1 also
influences many processes in cancer, including anchorage-
independent growth, cell transformation, survival, and invasion
(Cerezo et al., 2009, Bid et al., 2013, Moshfegh et al., 2014).
The cycling of Rac1 between active GTP-bound and inactive
GDP-bound states is modulated by the activities of several gua-
nine nucleotide-exchange factors and guanine nucleotide-acti-
vating proteins. GTP-bound Rac1 signals through interactions
with multiple effectors (Etienne-Manneville and Hall, 2002), but
new roles for Rac1 are still emerging, and the differential regula-318 Developmental Cell 32, 318–334, February 9, 2015 ª2015 Elsevition of Rac1 signaling and subcellular compartmentalization is
incompletely understood.
In addition to the cytosol and plasma membrane (Michaelson
et al., 2001; Navarro-Le´rida et al., 2012), Rac1 has been detected
in the early endosomal compartment (Palamidessi et al.,
2008), the nuclear envelope (Kraynov et al., 2000), and the
nucleoplasm (Lanning et al., 2003; Michaelson et al., 2001).
The polybasic sequence of the Rac1 hypervariable region has
been identified as a nuclear localization sequence (Kraynov
et al., 2000) able to interact with the nuclear import receptor kar-
yopherin a2 (Sandrock et al., 2010), and nuclear accumulation
of Rac1 depends on the cell cycle (Michaelson et al., 2008).
These findings suggest that nucleocytoplasmic shuttling of
Rac1 is tightly regulated; however, the mechanism controlling
Rac1 nuclear localization and its specifics inside this compart-
ment remain elusive.
Rac1 regulates the organization of the actin cytoskeleton
(Hall and Nobes, 2000; Abreu-Blanco et al., 2014). The cyto-
plasmic functions of actin, which include cell motility, membrane
dynamics, and cytokinesis, are relatively well characterized,
whereas recent work has begun to provide evidence for the
presence of actin and its nucleators in the nucleus (Baarlink
et al., 2013; Baarlink and Grosse, 2014). However, the exact
mechanisms mediating nuclear actin organization remain un-
solved. One report suggests that nucleoplasmic Rac1 is inactive
(Kraynov et al., 2000), but others detected active nuclear Rac1
(Wong and Isberg, 2005; Hinde et al., 2014), suggesting a
possible role of Rac1 GTPase in nuclear actin polymerization
and nuclear structure organization.
Changes to the actin cytoskeleton are essential for the
acquisition of migratory and invasive properties (Hanahan and
Weinberg, 2000). Individual RhoGTPases are required for critical
aspects of tumor cell migration and invasion (Vega and Ridley,
2008) and a tuned balance of Rho and Rac1 signaling is impli-
cated in key aspects of cell motility (Sahai and Marshall, 2003;
Pertz et al., 2006; Machacek et al., 2009; Sanz-Moreno, 2012).
Recent evidence indicates that changes to nuclear structure
influence cell migration simply by modulating nuclear plasticity
to allow cell shape changes needed for squeezing through
restricted spaces (Wolf et al., 2013), suggesting a role for Rac1
nuclear accumulation in this process.er Inc.
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Figure 1. Rac1 Nuclear Export Requires the Sequence Upstream of the C Terminus
(A) Comparison of the C-terminal (Ct) 50 aas of Rac isoforms and design of GFP-tagged Rac contructs. The Ct 50 aas of Rac1 (black), Rac2 (blue), and Rac3
(orange) were used to make the indicated chimeras. Construct expression was analyzed with western blot (bottom).
(B) Confocal images showing subcellular distribution of the GFP-tagged Rac constructs in COS7 cells (scale bar represents 25 mm).
(C) The percentage of cells showing nuclear fluorescence for the indicated constructs was measured by establishing three categories of nuclear staining: strong,
weak or none (50 cells per construct, n = 3; mean ± SEM).
(D) Subcellular distribution of GFP-tagged constructs of WT Rac1 and the Rac1 C-terminal 50 aa (50aaCt). Percentage of cells showing strong nuclear
fluorescence is indicated (scale bar represents 25 mm).
(E) Subcellular distribution of GFP-Rac1 or GFP-50aaCt in COS7 cells placed in suspension for 30 min (scale bar represents 10 mm).
(legend continued on next page)
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We have identified the nuclear protein B23 as a Rac1 chap-
erone in the nucleus that supports exiting transport of Rac1
through the nuclear membrane, in a mechanism that requires
the presence of two identified nuclear export signals (NESs) in
Rac1. Translocation of Rac1 to the nuclear membrane favors
its activation, leading to actin-dependent changes in nuclear
order. Nuclear accumulation of Rac1 has two key functional con-
sequences, on one hand regulating organization of the nuclear
membrane, and on the other hand reducing the amount of
Rac1 in the cytosol. Diminished signaling via cytoplasmic Rac1
activates its antagonist RhoA, contributing to the acquisition
of an invasive phenotype. Rac1 nuclear accumulation is more
frequent in cancer than normal tissue. Our findings support a
model in which nuclear Rac1 is central to the physiological regu-
lation of nuclear membrane organization, but when deregulated
can lead to pathological disorders, including cancer.
RESULTS
Sequences Upstream of the Rac1 C-Terminal Domain
Are Required for Rac1 Nuclear Export
To investigate the nuclear-specific subcellular localization
of Rac1, we compared the nuclear pattern of GFP-labeled full-
length Rac1 with that of the other Rac isoforms (Rac2 and
Rac3) or Rac chimeras generated by exchanging the last 50
amino acids (aa) of one isoform with that of another (Rac1/2,
Rac1/3, Rac2/1 and Rac3/1) (Figure 1A). Confocal microscopy
detected intense nuclear GFP signal in 60% of transfected
COS-7 cells expressing GFP-Rac1. In contrast, no nuclear signal
was detected in cells expressing GFP-Rac2, and nuclear GFP-
Rac3 was detected in only 15% of cells. Replacement of the
C-terminal domain of Rac2 or 3 with the corresponding region
of Rac1 produced two proteins able to translocate to the nucleus
(40% of cells expressing Rac2/1 and 45% of cells expressing
Rac3/1), whereas the reverse substitution, in which the Rac1
C-terminal region was replaced with that of Rac2 or Rac3,
impaired nuclear translocation (Figures 1B and 1C). Approxi-
mately 15% of the total endogenous Rac1 partitioned to the
nuclear fraction (Figure 1F).When cells were transfected with
GFP C-terminal 50 aa (GFP-50aaCt), corresponding to the
Rac1 C-terminal domain alone, nuclear accumulation was de-
tected in all cells (Figure 1D), and clear accumulation in nucleoli
(marked by fibrillarin labeling) was evident at lower intensity laser
power (Figures S1B and S1D available online). In detached cells,
GFP-50aaCt was unable to relocate outside the nucleus, unlike
full-length Rac1 which relocated to the cytoplasm (Figure 1E).
These results suggest that while the C-terminal region is essen-
tial for Rac1 nuclear entry, upstream sequences are required for
Rac1 exit from the nucleus.
B23 Is a Nuclear Rac1-Interacting Protein
To identify proteins interacting with Rac1 in the nucleus, nuclei
were isolated from GFP-Rac1-transfected COS7 cells. Immuno-
blot confirmed the presence of GFP-Rac1 and endogenous Rac(F) Equal cell equivalents of nuclear and non-nuclear fractions were analyzed
percentage of total protein in the nuclear fraction was calculated (mean ± SEM;
respectively.
See also Figure S1.
320 Developmental Cell 32, 318–334, February 9, 2015 ª2015 Elseviand the absence of RhoGDI (Figure S1A). In coimmunopreci-
pitation experiments, GFP-Rac1 was immunoprecipitated from
COS7 nuclear fractions, and Rac1-interacting proteins were
separated by gel electrophoresis and identified by liquid chro-
matography tandem mass spectrometry (LC-MS/MS). Of the
ten identified nuclear Rac1-interactors, we focused on B23
(Figure 2A), a multifunctional phosphoprotein with key roles in
ribosome biogenesis (Okuwaki et al., 2002). In addition to its
ribonuclease activity, B23 has functions outside the nucleolus.
B23 shuttles between the nucleus and the cytoplasm (Borer
et al., 1989), establishing multiple protein-protein interactions
that potentially allow it to operate as a molecular chaperone
(Grisendi et al., 2006). The B23 protein exists as two splice var-
iants. B23.1, the prevalent isoform in all tissues, is predominantly
a nucleolar protein, but with a significant fraction also detected in
the nucleoplasm, whereas B23.2, a truncated protein lacking the
last 35 C-terminal aas, is expressed at very low levels and local-
izes mainly in the nucleoplasm (Figure 2B).
Specific interaction between Rac1 and B23 was confirmed by
pull-down and coimmunoprecipitation assays. Lysates of COS7
cells expressing GFP- or HA-tagged B23.1 or B23.2 were incu-
bated with six histidine-tagged recombinant Rac1 and pulled
down with Ni-NTA agarose (Figure 2C). To determine whether
Rac1-B23 interaction was tissue specific, we conducted pull-
down experiments with several tissue lysates (Figure 2E). B23
expression levels differ depending on the tissue, showing multi-
ple bands (which could correspond to isoforms or posttransla-
tional modifications); nonetheless, interaction between the two
proteins was detected in most cases. Specific interaction
between endogenous Rac1 and B23 proteins in live cells was
confirmed by Rac1 immunoprecipitation followed by immunode-
tection of B23 (Figure 2D), and similar results were obtained for
overexpressed forms (Figure S1C). The three Rac isoforms
show a high degree of sequence homology (Figure S2A) and
interact with B23 to the same extent in pull-down assays (Fig-
ure 2G); however, no B23 interaction was detected for Rac2 or
Rac3 by immunoprecipitation (Figure 2H), suggesting that the
different subcellular localization of each Rac isoform could
determine its interaction with B23 (Figure S2C).
The Specificity of the Rac1-B23 Interaction Is
Determined by the C-Terminal Region of B23 and
Requires the N- and C-Terminal Rac1 Domains
To identify which B23 regions interact with Rac1, purified GST-
tagged B23 deletion mutants were analyzed by in vitro pull-
down assay. Rac1 bound most efficiently to the B23 C-terminal
region (residues 120–187; Figure 2I), which contains stretches of
acidic aas. In the reverse experiment, GST-tagged Rac1 frag-
ments (Figure 2J) were incubated with lysates of COS7 cells
expressing HA-tagged B23. These assays showed that efficient
interaction with B23 requires the N- and C-terminal Rac1
domains, but that the Rac1 region fromaas 1–88 yields the stron-
gest interaction (Figure 2J). These data exclude the possibility of
random interaction between Rac1 and B23 due to electrostaticby immunoblot for the indicated proteins. Proteins were quantified and the
n = 3). LMN A/C and RhoGDI were used as nuclear and nonnuclear markers,
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Figure 2. N-Terminal Sequences in Rac1 Interact with Acidic Domains of B23 in the Nucleus
(A) Coomassie-stained SDS-PAGE showing nuclear proteins coimmunoprecipitating with nuclear GFP-Rac1. The blot shows confirmation of GFP-Rac1 and B23
coimmunoprecipitation. Coomassie-stained bands were in-gel digested and identified by LC-MS/MS proteomics. Sequences of identified peptides from B23
protein are shown.
(B) Subcellular distribution of GFP-tagged B23 isoforms in COS7 cells (scale bar represents 25 mm).
(C) Interaction between B23 and Rac1. Western blots show GFP- and HA-tagged B23 isoforms isolated from COS7 cells by pull-down with recombinant (His)6-
tagged Rac1. Pull-downs were analyzed with antibodies to 63His for Rac1 detection and anti-HA or anti-GFP for B23.
(legend continued on next page)
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charge, a conclusion also supported by experiments with a Rac1
mutant with the basic residues of the polybasic region replaced
by glutamines (V12-6Q); this mutant interacted with B23 with
equal affinity to the wild-type (WT) control (Figure S1E). Given
that the Rac1 N-terminal region includes several domains impor-
tant for nucleotide binding (including switch I and II, responsible
for the main molecular interactions of Rac1), we investigated
whether the Rac1-B23 interaction was dependent on the gua-
nine nucleotide binding state of Rac1. For this, the GST-tagged
B23 C-terminal region was incubated with recombinant His-
tagged Rac1 previously preloaded with GDPbS or GTPgS. The
main interaction between the two proteins occurred in the
GTP-bound state of Rac (Figure 2F). Together these results
strongly suggest that the nature of the association between
B23 and Rac1 is not merely electrostatic and attest to the phys-
iological relevance of this interaction.
B23 Modulates Rac1 Nucleocytoplasmic Shuttling and
Activity
To evaluate the role of B23 in Rac1 nuclear localization in living
cells, we cotransfected COS7 cells with constructs encoding
cherry-Rac1 and GFP-B23. Starting at 12 hr posttransfection,
changes in Rac1 subcellular distribution were monitored by
confocal microscopy (Movie S2). B23 accumulated mainly in
the nucleolus, with some localization in the nucleoplasm (Figures
S1F and S1G; Movie S2). Over time, small dots of nuclear B23
appeared and disappeared, correlating with the exit of Rac1
from the nuclear compartment. Detailed analysis of fixed cells
showed that Rac1 nuclear export was favored by B23 in a
dose-dependent manner (Figure 3A). Similarly, endogenous
Rac1 nuclear localization was reduced upon expression of
HA-tagged B23 in HeLa cells (Figure 3B). The B23-mediated
changes in the spatial distribution of Rac1 increased Rac1
cytoplasmic activity, as measured by pull-down assay, without
significantly affecting the amount of Rac1 targeted to ordered
plasma membrane domains (Figures 3C, 3D, and S2B).
Depletion of B23 in HeLa cells (Figures 3E–3G and S2D–S2F)
induced an abnormal nuclear morphology, correlating with
strong nuclear staining of GFP-tagged Rac1 (Figures 3E, top,
and 3G), and a similar, but less clear, pattern was observed for
endogenous Rac1 (Figure 3E, bottom). Nuclear accumulation
of endogenous Rac1 in B23-depleted cells was confirmed by nu-
clear fractionation (Figure 3F). These changes were accompa-
nied by a partial redistribution of the remaining cytoplasmic
pool to small dots (Figure 3E, zoomed view), correlating with
reduced GTP-loading of Rac1 in the cytoplasmic compartment
(Figure S2F).(D) Coimmunoprecipitation of endogenous Rac1 and B23 from COS7, HeLa, a
negative control.
(E) Pull-down assay of interaction between B23 and (His)6-tagged Rac1 in lysate
(F) Interaction in vitro between GST-B23 (120–294 aa) or GST (control) and (His)6
analogs and incubated with GST proteins, followed by GST pull-down and immu
(G andH) Interaction betweenRac isoforms andB23. Interaction in vitro betweenG
(G). Coimmunoprecipitation of GFP-tagged Rac isoforms with B23 from COS7 c
(I and J) Structural requirements for B23-Rac1 interaction. Schemes show the GS
depicted with Coomassie blue staining and used to pull down GFP-Rac1 (I) or
domains and B23-interacting Rac1 domains, respectively.
See also Figures S1 and S2.
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Cooperate in Its Nucleocytoplasmic Shuttling
The NES for many proteins is a short leucine-rich sequence.
A search of the Rac1 sequence (http://www.cbs.dtu.dk/
databases/NESbase) identified one putative nuclear export
signal (Fu et al., 2011) (NES2; residues 76–86) and another po-
tential one (NES1; residues 110–122) upstream of the C-terminal
domain. We mutated both sites as shown in Figure 4A. Rac1
mutated in NES2 (Rac1NES2) had a similar distribution to WT
Rac1; in contrast, Rac1mutated in NES1 (Rac1NES1) decorated
the nuclear envelope, and in the cytosol was dispersed in small
dots (Figure 4B). Both mutant Rac1 proteins showedmarked nu-
clear localization compared with WT Rac1 (Figure S4B). When
both NES sequences were mutated (Rac1NES1+2), all the pro-
tein accumulated in the nucleus in vesicular-like or tubular struc-
tures, concomitant with a higher nuclear deformation (Figure 4B).
To investigate the differential nucleocytoplasmic partitioning
of the Rac1 NES mutants, we analyzed the interaction of
each construct with the chaperones B23 and RhoGDI by pull-
down and coimmunoprecipitation. Interaction with RhoGDI
was impaired in Rac1NES1 and Rac1NES1+2, whereas binding
to B23 was favored by the NES2 mutation and impaired by
the NES1 mutation (Figures S4D and S4E). Thus, the two NES
sequences regulate Rac1 nucleocytoplasmic shuttling by
modulating the binding to B23 in the nucleus and RhoGDI in
the cytoplasm (Figure S5).
To test whether nuclear deformationmediated by Rac1 affects
nuclear structural proteins, the distribution of endogenous
LMNA/C and emerin was analyzed in COS7 cells expressing
GFP-tagged Rac1WT and Rac1NES1+2 (Figures 4C and 4F).
The double mutation caused partial redistribution of LMNA/C
from the nuclear rim to nuclear vesicles (Figure 4C). This pheno-
type closely resembles that obtained when Rac1 nuclear locali-
zation was forced by expressing a CFP-tagged fusion of Rac1
and LMNA/C (Figures 4D and 4E). Defective nuclear export of
Rac1NES1+2 mutant thus favors its accumulation inside the
nucleus, resulting in LMNA/C distortion.
The distribution of emerin at the nuclear rim seen in Rac1WT-
expressing COS7 cells was maintained in the presence of
Rac1NES1+2 mutant, but was patchier and less intense, with
accumulation predominantly in perinuclear vesicles (Figure 4F).
We also examined cells expressing a constitutively active form
of Rac1 lacking the prenylation site (V12-SAAX). This protein ac-
cumulates in the nucleus because it cannot bind to the plasma
membrane or RhoGDI in the cytosol (Del Pozo et al., 2002),
and at 48 hr posttransfection, most cells displayed an aberrant
nuclear structure (Figure S3B). Rac1 nuclear accumulation thusnd HEK293T cell lysates. IgG antibody was used as an immunoprecipitation
s of assorted tissues.
-tagged Rac1. His-tagged Rac1 was preloaded with the indicated nucleotide
noblot for GST and Rac1.
ST-B23 (120–294 aa) or GST (control) and lysates of GFP-taggedRac isoforms
ells (H).
T-B23 constructs and GST-Rac1 constructs used. Purified GST proteins were
HA-tagged B23 (J) from COS7 cell lysates, to identify Rac1-interacting B23
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Figure 3. Modulation of Rac1 Nucleocytoplasmic Shuttling by B23
(A) COS7 cells expressing GFP-tagged Rac1 were cotransfected with increasing amounts of HA-tagged B23 (0, 0.5, and 1 mg). Localization of Rac1 (GFP) and
B23 (anti-HA antibody) was analyzed by confocal microscopy (scale bar represents 25 mm).
(B) HeLa ATCC cells expressing GFP-tagged B23 or GFP alone (control) were fixed and analyzed with anti-Rac1 and nuclear label (scale bar represents 25 mm).
See also Figure S1 and corresponding Movie S2.
(C) Western blot of nuclear fractions of COS7 cells expressing GFP-tagged Rac1 and HA-tagged B23 or empty vector (control).
(D) GST-PBD assay of Rac1 activity in the same cells as in (B). The chart shows quantification of GTP-Rac band intensities relative to total Rac1 (n = 3).
(E) Effect of B23 downregulation on Rac1 subcellular localization. Unmodified HeLa cells (bottom) and HeLa cells expressing GFP-Rac1 (top) were transfected
with control or B23 siRNAs (scale bar represents 10 mm). Localization of endogenous Rac1 or GFP-Rac1 was analyzed by confocal microscopy at 36 hr
posttransfection. Nuclear and plasma membrane regions are enlarged in the images on the right.
(F) Western blot for endogenous Rac1, RhoGDI (cytosolic marker), and emerin (nuclear marker) in nuclear fractions of B23-knockdown HeLa cells.
(legend continued on next page)
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correlates with changes in nuclear morphology and altered
nuclear localization of LMNA/C and emerin.
Nuclear Rac1 Alters Nuclear Membrane Order
We next analyzed whether these nuclear morphology changes
were a consequence of nuclear Rac1 activation. Nuclear
lipids were recently shown to be organized in microdomains
(Cascianelli et al., 2008). To determine whether nuclear Rac1 is
differentially partitioned, we isolated cold-detergent-resistant
microdomains (nuclear DRMs) from nuclei of GFP-Rac1-
expressing COS7 cells. Endogenous and GFP-tagged nuclear
Rac1 both partially fractionated with nuclear DRMs. Unlike
total-lysate DRMs, where caveolin-1 is enriched in Triton X-
100-insoluble fractions (see Figure S2B), nuclear DRMs contain
only a small amount of caveolin-1, whereas the ganglioside
GM1, a well-known marker of liquid ordered domains, retained
its concentration in fractions 7–10 (Figure 5A). Thus, although
nuclear DRMs share characteristics with plasma membrane
DRMs, they are clearly a distinct entity.
Given that active Rac1 has been reported to induce actin poly-
merization at the plasma membrane, we investigated whether
Rac1plays a similar role in the nuclearmembrane.Weengineered
Raichu (Ras and interacting chimeric unit)-Rac1 probes encoding
the Rac1NESmutants andmeasured the nuclear Rac1 activity of
these constructs inCOS7 cells (Figures 5B, scheme, and 5C). The
Raichu probe detects activated Rac1 based on enhanced FRET
between YFP and CFP upon intramolecular binding of GTP-
Rac1 and CRIB. FRET efficiency was higher in Rac1NES1 and
Rac1NES1+2 mutant-expressing cells than in cells expressing
Rac1WT or the Rac1NES2 mutant (Figure 5C), suggesting that a
pool of Rac1 at the nucleus is active. To investigate possible
involvement of this pool in actin dynamics, we compared the
localization of Rac1NES1+2 and actin. Phalloidin staining did
not detect a clear nuclear signal, with only some colocalization
spots between F-actin and Rac1NES1+2 mutant (Figure 5E ar-
rows); however, LifeAct, a 17-amino-acid marker of filamentous
actin, revealed nuclear colocalization with Rac1NES1+2 or the
LMN-Rac1 construct at the segregated vesicular structures (Fig-
ures 5D and S3D, respectively). In both cases, these actin-rich
vesicular structures were partially disrupted by treatment with
cytochalasin D (Figures 5H and S3F; Movie S1) and by silencing
of the Arp2/3 complex, a Rac1-dependent actin polymerizer (Fig-
ures 5F andS3E). In contrast, downregulationof forminsmDia1/2,
involved in nuclear actin network assembly (Baarlink et al., 2013),
resulted in increased nuclear deformation in COS7 cells express-
ing Rac1NES1+2 (Figure S3H). Silencing of Arp2/3 in mDia2-
depleted cells rescued nuclear deformability, suggesting that
branched (Arp) and filamentous (formins) actin polymerization
pathways cooperate to dictate nuclear shape.
Nuclear membrane fluidity in COS7 cells expressing Rac1WT
or Rac1NES1+2 mutant was monitored by labeling cells with the
fluorescent probe di-4-ANEPPDHQ (Figure 5G). Comparison of
generalized polarization (GP) of nuclear membranes in the two
cell types demonstrated that targeting Rac1 to this compartment(G) Western blots showing the effect of B23 siRNA on target protein expression in
based on fluorescence analysis (means ± SEM) (n = 3). Statistical significance was
statistically significant at *p < 0.05, **p < 0.01, and ***p < 0.001.
See also Figure S2.
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Rac1/ MEFs, obtained by conditional gene targeting of Rac1
(Navarro-Le´rida et al., 2012), showed increased nuclear mem-
brane GP value compared to MEFsWT (Figure S3G), suggesting
that Rac1 contributes to modulate nuclear membrane order.
Defective Nucleocytoplasmic Shuttling of Rac1 Favors
Cell Invasion by Promoting Cytoplasmic RhoA Signaling
Rac1 nuclear accumulation correlates with redistribution of cyto-
plasmic Rac1 into small dots and its reduced activation outside
the nucleus. To determine if this imbalanced Rac1 signaling
affects cell invasiveness, we performed a gelatin degradation
assay (Nakahara et al., 1997). After 16 hr, cells were stained
with anti-Rac1 antibody (FigureS6A) or Alexa 647-phalloidin (Fig-
ure S6B) to reveal actin filaments. B23 knockdown was associ-
ated with more extensive gelatin degradation and remodeling
(Figure 6A), and sites of specific matrix degradation coincided
with clear cortactin staining (Figure 6A, zoomed images). RhoA
and ROCK are critical for matrix degradation and invadopodia
formation (Kidera et al., 2010; Bravo-Cordero et al., 2013), and
we found that the ROCK inhibitor Y-27632 impaired the ability
of B23-depleted cells to degrade gelatin matrix (Figure 6A).
High gelatin degradation activity was also observed in cells ex-
pressing nuclear-export deficient NES1 or the double NES1+2
Rac1 mutant (Figures 6C, S6D, and S6E). In a Matrigel-based
3D invasion assay, B23-depleted cells (Figure S6C) and cells
expressing these nucleocytoplasmic shuttling defective-Rac1
mutants (Figure 6F) showed a higher invasive capacity than
controls.
Because ROCK inhibition abrogated invasion in cells with
nuclear-retained Rac1, we measured RhoA GTP-loading in the
cytosol/PM of these cells. Upregulation of RhoA activity in COS7
cells transiently overexpressing Rac1NES1 or Rac1NES1+2
mutant was confirmed in Rho pull-down assays (Figure 6B). A
converse GTP-loading pattern was observed for the cytosolic/
PM Rac1 pool, such that Rac1NES1 and Rac1NES1+2 mutants
showed loweractivation thanRac1WTandRac1NES2 (Figure6B).
These results likely reflect the well-established antagonism be-
tween Rac1 and RhoA (Pertz et al., 2006; Machacek et al., 2009;
Sanz-Moreno, 2012). RhoA acts primarily to promote actomyosin
contractile forcegeneration throughROCK-mediatedphosphory-
lation of regulatory myosin light chain (MLC; Rath and Olson,
2012). Increased pMLC cortical signal in COS7 cells expressing
Rac1NES1 or Rac1NES1+2 mutants correlated with a higher ca-
pacity to induce collagen gel contraction (Figures 6D and 6E).
These data together suggest that defective Rac1 nucleocy-
toplasmic shuttling alters the balance of cytoplasmic GTPase
activities, increasing cells’ invasive capacity at least partially
through RhoA signaling.
Nuclear-Membrane-Associated Rac1 Is Crucial for
Physiological and Pathological Processes
Migrating cells squeeze through cell layers and extracellular ma-
trix components (Kim et al., 2012), and the nucleusmust undergoHeLa cells. The chart shows the percentage of cells with nuclear abnormalities
determined by two-tailed paired Student’s t test. Differences were considered
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structural changes to allow the cell to fit through small gaps
(Webster et al., 2009). Analysis of Rac1 subcellular distribution
during cell migration through transwell inserts suggested that
this migration through small gaps requires altered nuclear enve-
lope organization resulting from the partial association of Rac1
with the nuclear membrane (Figure 7A).
A deformed and enlarged nucleus is a hallmark of most
cancer cells (Chow et al., 2012). Marked Rac1 accumulation
was found in nuclear fractions of two highly metastatic cell lines,
the lung carcinoma LM4175 and the prostate cancer line PC3
(Figures S7A and S7B), and Rac1 nuclear immunoreactivity
was confirmed in two prostate cancer microarrays of 96 (Fig-
ure 7B) and 24 patients (Figure S7C), with the more aggressive
tumors (high Gleason grade) showing the highest Rac1 nuclear
accumulation. Statistical analysis showed very significant
differences between benign groups and cancer groups, and
moderated ones between Gleason groups 7 or 8 and 9 (invasive
tumors, high metastatic potency) and Gleason groups 5 and 6
(less invasive and metastatic), demonstrating that nuclear
Rac1 accumulation is more frequent in cancer than in normal
tissue.
We next examined adult acute myeloid leukemia (AML), a
blood and bone marrow cancer mainly caused by mutations in
B23 that result in inappropriate its relocalization from the nucleus
to the cytoplasm (Falini et al., 2007). In the control WT cell line
OCI-AML2, endogenous Rac1 in the cytoplasm was restricted
to a diffuse distribution; in contrast, in the AML cell line OCI-
AML3, Rac1 was localized in cytoplasmic aggregates emanating
from the nuclear envelope (Figure 7C). Nuclear-detergent-
resistant membrane fractionation demonstrated that nuclear
Rac1 partially partitioned to nuclear-DRMs in OCI-AML3 cells,
whereas these domains lacked Rac1 in the control OCI-AML2
cell line (Figure S7D).
DISCUSSION
We demonstrate here that nucleocytoplasmic Rac1 shuttling
regulates the organization of the nuclear membrane and the
amount of Rac1 available outside the nucleus, allowing actin-
dependent signaling and nuclear and cell shape changes linked
to migration and invasiveness. This tightly regulated process de-
pends on two identified NESs in Rac1 and on interaction with
B23. Blockade of Rac1 nuclear exit leads to concomitant nuclearFigure 4. Two Nuclear Export Signals Cooperate in Rac1 Nuclear Exit
(A) GFP-tagged Rac1 constructs showing positions and sequences of a potential
disable each NES individually (NES1, NES2) and in concert (NES1+2).
(B) Confocal analysis of the subcellular distribution of each NES construct. Righ
25 mm).
(C) Representative immunofluorescence images showing mislocalization of LMN
constructs (green, GFP; red, LMNA/C; scale bar represents 25 mm). Nuclei are enl
(green) and LMNA/C (red) along the lines drawn through the indicated nuclei.
(D) CFP-tagged LMN constructs. CFP-Rac1-LMN encodes a chimeric protein co
distribution of each construct is presented in the lower images (scale bar repres
(E) Western blot confirming expression of the three constructs.
(F) Emerin immunofluorescence in COS7 cells expressing GFP-tagged Rac1WT a
representation of emerin signal intensity. The graph shows the total intensity of e
NES constructs (n = 3). Statistical significance was determined by two-tailed p
*p < 0.05, **p < 0.01, and ***p < 0.001.
See also Figures S4 and S5.
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brane microdomain organization, resulting in altered distribution
of the nuclear structural proteins LMNA/C and emerin. In parallel,
Rac1 nuclear sequestration leads to inactivation of Rac1 in the
nonnuclear pool and a concomitant activation of cytoplasmic
RhoA, resulting in increased invasiveness through a ROCK-
pMLC dependent mechanism (Figure 7D).
Although the sequences regulating Rac1 nuclear localization
are well characterized (Hancock et al., 1990; Michaelson et al.,
2001), less was known about its nuclear export, which could
be mediated by interaction with a Rac1-binding protein or by nu-
clear export signals upstream of the Rac1 C-terminal domain.
Our data provide evidence for both mechanisms. LC-MS/MS
identified B23 as a Rac1 nuclear interactor, and the biochemical
data attest to the physiological relevance of this interaction
because B23 binds most strongly to the N-terminal region of
Rac1, and not exclusively through the polybasic C-terminal re-
gion, as proposed (Zoughlami et al., 2013). This finding thus ex-
cludes the trivial explanation of a purely electrostatic interaction
(Figure 2). In the cytosol, Rac1 is chaperoned by RhoGDI, which
acts by stabilizing prenylated Rac1 when it is not associated with
membranes (Garcia-Mata et al., 2011). The presence of preny-
lated Rac1 in the nucleus (Michaelson et al., 2008), from which
RhoGDI is excluded, suggests the existence of an equivalent
chaperone activity in this compartment. Among other functions,
B23 acts as a molecular chaperone, facilitating the transport of
ribosomal proteins across the nuclear membrane (Borer et al.,
1989; Lindstro¨m, 2011). We propose that B23 also chaperones
nuclear Rac1, maintaining it in the nucleoplasm and thus
preventing intrinsic and guanine nucleotide-activating protein-
stimulated GTP hydrolysis, and when needed facilitating Rac1
nuclear export. In our experiments, B23 overexpression favored
the shuttling of Rac1 out of the nucleus, and this coincided with
increased levels of GTP-bound Rac1 in the cytoplasm. The
B23-Rac1 interaction forms protrusive structures that appear
and disappear dynamically (Figure 3 and Movie S2), suggesting
that Rac1 nuclear export might be mediated through vesicle-like
structures derived from the nuclear envelope. The identification
of two NES motifs in Rac1 demonstrates that efficient nuclear
export requires cooperation between B23- and NES-mediated
events (Figures S4 and S5). Detailed analysis of the NESs
demonstrates that they are physically close (Figure S4A) and
act synergistically (Figure S5).and Modify Nuclear Membrane Organization
and a putative nuclear export signal (NES) and targeted aa substitutions (red) to
t: zoomed images of the nuclear and perinuclear area (scale bar represents
A/C from the nuclear envelope in COS7 cells expressing GFP-tagged Rac1
arged in merged images (right) and plots show pixel intensities for Rac proteins
mposed of Rac1 and LMN proteins in phase in the same molecule. Subcellular
ents 25 mm). Plots (right) show pixel intensities for LMN and LMN-Rac1.
nd Rac1NES1+2 (green, GFP; red, emerin). Images in the right column show 3D
merin at the nuclear envelope in COS7 cells expressing the GFP-tagged Rac1
aired Student’s t test. Differences were considered statistically significant at
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Figure 5. Rac1 Modifies Nuclear Morphology through Changes in Nuclear Membrane Organization Mediated by Actin Polymerization-
Dependent Mechanisms
(A) Western blots of sucrose-density fractionated nuclei from COS7 cells expressing GFP-Rac1. The boxed area denotes nuclear detergent-resistant-membrane
fractions (7–10). Fractions were analyzed for the distributions of Rac1 (GFP-tagged and endogenous forms), Cav1, and actin. GM1was detected with horseradish
peroxidase-tagged cholera toxin B subunit.
(B) Design of the FRET probes to detect Rac1 nuclear activity. When GDP is bound to Rac1, excitation of CFP at 433 nm produces fluorescence emission at
475 nm.When GTP is bound, the intramolecular binding of Pak1 to Rac1 brings YFP close to CFP, causing FRET and YFP fluorescence at 527 nm. Raichu-probe-
expressing COS7 cells were analyzed using the FRET module provided with LAS AF software.
(legend continued on next page)
Developmental Cell 32, 318–334, February 9, 2015 ª2015 Elsevier Inc. 327
Mapping the regions involved in Rac1-B23 interaction
demonstrated that the strongest interaction is mediated by
Rac1 aas 1–88. The crystal structure of the Rac1-RhoGDI com-
plex also demonstrates interaction through hydrogen bonds
involving Rac1 residues Tyr 64, Arg66, His103, His104, and
leucines 67 and 70, all flanking the NES1 region (Asp76-Ser86)
(Scheffzek et al., 2000). These data explain why the NES1 muta-
tion impairs Rac1 interaction with both RhoGDI and B23, and
leads to localization in perinuclear vesicles positive for the endo-
somal marker EEA1 (Figure S4F). In contrast, mutation of NES2
not only maintains the ability to interact with both chaperones,
it even increases the interaction with B23, probably by favoring
electrostatic interactions between B23 and Rac1 through the
C-terminal domain. Thus, Rac1 nucleocytoplasmic shuttling de-
pends on the balance between NES signals and the interaction
with the chaperones B23 inside the nucleus and RhoGDI in the
cytoplasm.
Recent studies suggest that nuclear lipids are organized into
microdomains with similar characteristics to liquid ordered re-
gions of the plasma membrane (Bartoccini et al., 2011), a pro-
posal supported by our observation that nuclear Rac1 partially
partitions into GM1-enriched cold detergent-resistant nuclear
microdomains (Figure 5A). Our proposal that Rac1 acts as a
plasma membrane organizer through a mechanism dependent
on the actin cytoskeleton (Navarro-Le´rida et al., 2012; Visa and
Percipalle, 2010) can thus now be extended to the nucleus (Fig-
ures 5 and S3H). The presence of actin and many factors known
to control actin polymerization and stabilize filamentous F-actin
in the nucleus raises the possibility that nuclear-based actin
polymerization mechanisms regulate nuclear structure (Peder-
son, 2008). Although in the nucleus phalloidin fluorescence
cannot detect the canonical actin filaments seen in the cyto-
plasm, the vesicle-like Rac1-positive regions in the nuclear
membrane were positive for the live-cell actin marker LifeAct,
coinciding with zones of nuclear Rac1 activity measured by
FRET (Figures 5C and 5D). Our results, together with a recent
fluctuation-based imaging study of Rac1 nuclear activation
(Hinde et al., 2014), demonstrate that Rac1 can be active inside
the nucleus, suggesting that Rac1-mediated nuclear actin poly-
mers likely differ in length and perhaps conformation from their
cytoplasmic counterparts, but are nonetheless able to modify
nuclear membrane organization. These Rac1-mediated changes
in nuclear membrane organization directly compromise the(C) Donor, acceptor, and FRET images are shown for Rac1NES construct analysis
Procedures). Statistical significance was determined by two-tailed paired Stude
**p < 0.01, and ***p < 0.001.
(D) Colocalization analysis of Rac1NES1+2 (green) and the actin marker LifeAct
shown in magnified view.
(E) Colocalization analysis of Rac1NES1+2 (green) and phalloidin (red) in COS7 c
(F) Confocal microscopy analysis showing the effect of siRNA silencing of Arp2/3
(G) Confocal microscopy imaging of membrane order in di-4-ANEPPDHQ-label
labeled with 5 mM di-4-ANEPPDHQ for 30 min at 37C. CFP and di-4-ANEPPDH
were converted into GP images according to the GP color scale shown, where
for nuclear membranes of COS7 cells expressing Rac1WT or Rac1NES1+2. A
di-4-ANEPPDHQ data. The analysis was done with the function Ime from R. Dif
***p < 0.001.
(H) Effect of cytochalasin D (1 mM) for 1 hr treatment on the vesicular distribution
(scale bar represents 25 mm).
See also Figure S3.
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activation thus governs nuclear structure directly, by regulating
crosstalk between nuclear actin network changes and the lamin
cortex (Figure 4). Nuclearmembrane fluidity is affected by gain of
Rac1 nuclear activity (NES1+2 expressing cells) or loss of nu-
clear Rac1 expression (Rac1 gene targeting) (Figures 5G and
S3G), showing the importance of Rac1 in nuclear membrane or-
ganization and suggesting the importance of controlled nuclear
Rac1 signaling.
Our results demonstrate that nuclear actin polymerization
is at least partially dependent on Arp2/3. Downregulation of
formins mDia1 and mDia2 increases nuclear deformation in
cells expressing nuclear-export-defective Rac1 (Figure S3G),
possibly by leaving Arp2/3 as the preferential effector. This
finding reinforces the importance of formins in nuclear actin
mechanisms and supports the possibility that Arp proteins and
formins collaborate in nuclearmembrane stability though parallel
but balancing actin nucleation pathways.
Another important class of actin dynamics regulators identi-
fied in cell nuclei is the phosphoinositides, although their func-
tions in the nucleus are poorly understood (Hammond et al.,
2004). The ability of Rac1 to interact with lipid products of
phosphoinositide 3-kinase (Missy et al., 1998) and the role of
B23 as a nuclear target of phosphatidylinositol 3-phosphate
(Kwon et al., 2010), raise the possibility that B23 targets Rac1
to phosphatidylinositol 3-phosphate-enriched nuclear mem-
brane domains, allowing the formation of specific clusters
containing other partners required for Rac1 activation.
Rac1-mediated nuclear membrane alterations appear to
modulate cell-cycle progression (Figure S4H) and may also
influence genome stability and chromatin remodeling and posi-
tioning. The partial localization of Rac1 to nucleoli (Figures S1D
and S4C) suggests an as-yet unknown role of Rac1 in ribosome
biogenesis or stability. Cell motility in 3D matrices was recently
linked to global chromatin condensation (Gerlitz and Bustin,
2011) and nuclear deformation (Friedl et al., 2011). Chromatin
compaction favors structural changes to the nucleus required
for metastatic cell invasion through small gaps in the extracel-
lular matrix. These nuclear-shape changes seem to involve
Rac1 nuclear dynamics in physiological and pathological condi-
tions. For example, we observe that nuclear-Rac1-mediated
membrane deformation, by enabling the nucleus to squeeze
through small gaps, is required for transmigration. This. The chart shows quantification of sensitized emission FRET (see Experimental
nt’s t test. Differences were considered statistically significant at *p < 0.05,
(red) in COS7 cells (scale bar represents 25 mm). The nuclear area (boxed) is
ells (scale bar represents 25 mm).
on the distribution of GFP-tagged Rac1NES1+2.
ed COS7 cells expressing CFP-tagged Rac1WT or Rac1NES1+2. Cells were
Q confocal images were acquired sequentially. The di-4-ANEPPDHQ images
1 indicates low order and +1 high order. Graph represents mean GP values
mixed linear model with the experiment as blocking variable was used for
ferences were considered statistically significant at *p < 0.05, **p < 0.01, and
of Rac1NES1+2 in COS7 cells. F-actin was revealed with phalloidin-Alexa 647
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deformability is therefore likely to require constant nucleocyto-
plasmic shuttling of Rac1 (Figure 7A). The defective Rac1 nucle-
ocytoplasmic shuttling in cancer cells (Figures 7B, 7C, and S7C)
explains both their high rate of nuclear deformation and their
invasive capacity. Our results further suggest that Rac1 nuclear
dynamics might be involved in leukemias such as AML, in which
B23 mutations play an important role. AML cells circulate in the
bloodstream and can invade virtually any tissue. In OCI-AML3
cells, a B23 mutation aberrantly relocates the protein to the
cytoplasm, correlating with invasiveness (Stefanidakis et al.,
2009), and our data show that these cells accumulate Rac1 in
the nuclear envelope.
Crosstalk among small GTPases is critical for the regulation of
numerous cell functions, and cells adopt several strategies to
regulate this (Baschieri and Farhan, 2012). Our results indicate
that sequestration of Rac1 in the nucleus enables cells to modu-
late the balance between Rac1 and RhoA signaling by activating
the RhoA-ROCK pathway (Figure 6). Several lines of evidence
directly link RhoA to acquisition of a migratory, invasive, and
metastatic phenotype (Schmitz et al., 2000; Struckhoff et al.,
2011), and RhoA and ROCK are critical for invadopodia forma-
tion (Bravo-Cordero et al., 2013). The Rho and Rac GTPase fam-
ilies, through differential regulation of the actin cytoskeleton, are
implicated in distinct modes of cell motility. Rac1-mediated cell
polarization is implicated in the movement of single mesen-
chymal-type cells through a 3D environment, involving adoption
of an elongated shape, extracellular proteolysis, and engage-
ment of integrins (Friedl and Wolf, 2010). In contrast, high
RhoGTPase activity is required for the actomyosin contractility
in amoeboidmovement (Pankov et al., 2005; Sahai andMarshall,
2003). These two modes of cell movement are interconvertible,
and we propose that Rac1 nuclear accumulation offers a
possible mechanism for this interconversion.
To date, no cancer-causing mutations have been found in Rho
proteins with the exception of substitution of Rac1 proline 29 by
serine in UV-induced melanoma (Davis et al., 2013). In contrast,
most human tumors are characterized by overexpression and
hyperactivation of Rac1 (Karlsson et al., 2009). Relocalization
is thus an attractive explanation for changes in GTPase their ac-
tivity.We show that Rac1 activity in the nucleus regulates nuclearFigure 6. Rac1 Nuclear Accumulation Controls Cell Invasiveness thr
Activities
(A) Matrix degradation promoted by Rac1 nuclear accumulation is prevented by in
a rhodamine crosslinked gelatin matrix (red) for 16 hr. After fixing, cells were staine
(lentiviral infection). Accumulation of cortactin at sites of gelatin degradation is evid
and cortactin localization are prevented by treatment with the Rho inhibitor Y27
membrane-cytoplasmic regions, with arrows marking the punctate accumulation
total cell area was quantified with Image J.
(B) GST pull-down of active (GTP-bound) Rac1 and GTP-RhoA with lysates from
shows quantification of GTP-Rac or GTP-RhoA band intensities relative to total R
(C) Matrix degradation by HeLa cells expressing GFP-tagged Rac1WT or Rac1
10 mm).
(D) Collagen gel contraction assay. Representative photomicrographs show collag
represents contraction indicated as percentage of the initial gel surface area.
(E) pMLC staining (red) of COS7 cells expressing GFP-tagged Rac1NES mutants
western blot.
(F) Matrigel assay: COS7 cells expressing Rac1NES mutants were fixed and sta
nificance was determined by two-tailed paired Student’s t test. Differences were
See also Figure S6.
330 Developmental Cell 32, 318–334, February 9, 2015 ª2015 Elsevimembrane organization in an actin-dependent manner. Sus-
tained Rac1 signaling inside this compartment shapes nuclear
structure and reduces Rac1 signaling in the cytoplasmic
compartment. This activates the Rac1 antagonist RhoA, promot-
ing a more invasive capacity. Our data clearly show that Rac1
nuclear retention causes a decrease in Rac1 GTP-loading in
the cytosol, while RhoA GTP loading increases. This favors ma-
trix degradation and invasion. Recent advances support the view
that the nuclear envelope coordinates many aspects of cell func-
tion. Understanding how defective Rac1 nucleocytoplasmic
shuttling influences cell function lays the groundwork for future
research to further define the connection between nuclear
Rac1 and cancer.EXPERIMENTAL PROCEDURES
Quantitative Imaging of Nuclear Membrane Lipid Order by
di-4-ANEPPDHQ Labeling
Live cells grown on glass coverslips were stained for 30 min at 37C with 5 mM
di-4-ANEPPDHQ (Molecular Probes) in complete medium, and imaged as
described (Owen et al., 2012; see Supplemental Experimental Procedures).
Matrigel Invasion Assay
Equal numbers of shControl and shB23 HeLa cells or COS7 cells expressing
GFP-tagged Rac1 constructs were loaded into the well centers of Matrigel-
coated IBIDI wells, and covered with a 1:1 mix of Matrigel and medium. After
polymerization, chambers were filled with medium containing 2% fetal bovine
serum. During the 5 day invasion period, medium containing 10% fetal bovine
serum was exchanged every second day. Cells were fixed and labeled with
phalloidin and Hoechst, and imaged by confocal microscopy.
FRET
pRaichu-Rac1NES mutants were constructed by substituting WT Rac1 in
pRaichu-Rac (kindly provided by Dr. Matsuda, Osaka University) with the cor-
responding sequences of Rac1NES1, Rac1NES2, and Rac1NES1+2. FRET
analysis was performed on transiently transfected COS7 cells using the Leica
FRET-sensitized emission module. Images were collected at 512 3 512 pixel
resolution. Signals were detected for the CFP donor (excitation at 458 nm;
emission at 465–505 nm), FRET (excitation at 458 nm; emission at 525–
600 nm), and the YFP acceptor (excitation at 514 nm; emission at 525–
600 nm). Once appropriate image sets were obtained, the Leica confocal
software generated the ratio images of YFP/CFP, reflecting the FRET effi-
ciency for each plotted region of interest corresponding to the nucleus.ough Changes to the Balance between Cytoplasmic Rac and Rho
hibition of Rho activity. HeLa-shcontrol, and HeLa-shB23 cells were cultured on
d for endogenous cortactin (gray). The green channel shows GFP fluorescence
ent in B23-depleted cultures (arrows in zoomed images), but both degradation
631 (scale bar represents 10 mm). Images to the right show enlarged views of
of endogenous cortactin in B23-depleted cells. Percent degradation area of
COS7 cells expressing GFP-tagged Rac1WT or Rac1 NES mutants. The chart
ac1 or total RhoA.
NES1+2 mutant was assayed (green, GFP; red, gelatin; scale bar represents
en gel changes of COS7 cells expressing GFP-tagged Rac1NESmutants. Plot
(green). Lower images show enlarged views of pMLC distribution. Right, pMLC
ined 5 days after seeding. The chart shows the invasion index. Statistical sig-
considered statistically significant at *p < 0.05, **p < 0.01, and ***p < 0.001.
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Fluorophore-Conjugated Gelatin-Coated Coverslips
Coverslips were prepared and the assay carried out as described (Bowden
et al., 2001; see Supplemental Experimental Procedures).
RNA Interference-Mediated Knockdown
Cells were transfected with specific siRNA oligonucleotides (100 nM) using
oligofectamine (Invitrogen) according to the manufacturer’s instructions
(see Supplemental Experimental Procedures). In alternative experiments,
B23 was silenced by infection of cells with shRNA vectors; sequences target-
ing human B23 (sequence no. 1, CCGACAAAGATTATCACTT; sequence no. 2,
CTTTAAGAACGGTCAGTTT; sequence no. 3, ATGCAGAGTCAGAAGATGA;
sequence no. 4, AAGAATCCTTCAAGAAACA) were cloned into the short
hairpin lentiviral vector pLVX-shRNA2, which contains a ZsGreen1 reporter
(Clontech), and the vector was used to transfect HEK293T cells. Cells for
experiments were exposed to HEK293T cell supernatants, and infection
efficiency was monitored by Zsgreen1 expression. A mix of the four shRNA
viruses targeting B23 was used for cell infection.
Clinical Prostate Cancer Samples, Tissue Microarray Construction,
and Immunohistochemistry
Two tissue microarrays from 96 and 24 randomly selected prostate cancer pa-
tients from the Helsinki University Central Hospital (Finland) were analyzed.
Histopathological features were reviewed by examination of the correspond-
ing hematoxylin and eosin or herovici-stained slides by two experienced pa-
thologists, and clinical follow-up information was collected from patient files.
All tissue samples were acquired and used in accordance with current regula-
tory guidelines. Tissue microarray construction and immunohistochemistry
against Rac1 were performed and analyzed as described in the Supplemental
Experimental Procedures.
Statistics
Statistical significance was determined by two-tailed paired Student’s t test.
Differences were considered statistically significant at *p < 0.05, **p < 0.01,
and ***p < 0.001. Amixed linearmodel with the experiment as blocking variable
was used for di-4-ANEPPDHQ data. The analysis was done with the function
Ime from R. Differences were considered statistically significant at *p < 0.05,
**p < 0.01, and ***p < 0.001.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and two movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2014.12.019.
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